Ganoderma lucidum has high commercial value because it produces many active compounds, such as ganoderic acids (GAs). Salicylic acid (SA) was previously reported to induce the biosynthesis of GA in G. lucidum. In this study, we found that SA induces GA biosynthesis by increasing ROS production, and further research found that NADPH oxidase-silenced strains exhibited a partial reduction in the response to SA, resulting in the induction of increased ROS production. Furthermore, the localization of ROS shows that mitochondria are sources of ROS production in response to SA treatment. An additional analysis focused on the relationship between SA-induced ROS production and mitochondrial functions, and the results showed that inhibitors of mitochondrial complexes I and II exert approximately 40-50% superimposed inhibitory effects on the respiration rate and H 2 O 2 content when co-administered with SA. However, no obvious superimposed inhibition effects were observed in the sample co-treated with mitochondrial complex III inhibitor and SA, implying that the inhibitor of mitochondrial complex III and SA might act on the same site in mitochondria. Additional experiments revealed that complex III activity was decreased 51%, 62% and 75% after treatment with 100, 200, and 400 µM SA, respectively. Our results highlight the finding that SA inhibits mitochondrial complex III activity to increase ROS generation. In addition, inhibition of mitochondrial complex III caused ROS accumulation, which plays an essential role in SAmediated GA biosynthesis in G. lucidum. This conclusion was also demonstrated in complex III-silenced strains. To the best of our knowledge, this study provides the first demonstration that SA inhibits complex III activity to increase the ROS levels and thereby regulate secondary metabolite biosynthesis.
Introduction
Ganoderma lucidum (G. lucidum) is a well-known medicinal basidiomycete widely used in Southeast Asia, because it containing a wide range of immuno-modulatory and bioactive compounds [14, 71] . The triterpenes and polysaccharides isolated from G. lucidum have numerous biological activities, including anticancer, antioxidant, and hypocholesterolemic effects as well as inhibitory effects on adipocyte differentiation [59, 65] . Ganoderic acids (GAs) are some of the major secondary metabolites found in G. lucidum, and these compounds belong to the class of triterpenoids [50] . Because of their significant biological activity, the potential of GAs as medicinal agents has been proposed [35, 36] . In addition, researches on the GAs also provide a valuable foundation for studying the secondary metabolic processes in fungi. Therefore, many studies have investigated the different regulatory effects of various fermentation conditions on the biosynthesis of GAs. For example, limiting the nitrogen sources in liquid culture leads to an increase in the GA content [77] , aspirin treatment is a powerful approach for triggering GA production [75] , and acetic acid acts as an inducer to significantly increase GA biosynthesis [54] . Based on these findings, it can be concluded that many factors can influence GA biosynthesis, but defects in basic biology studies have hindered further increases in the commercial value of G. lucidum. In recent years, the genomic sequence and genetic transformation system of G. lucidum have been established [45, 63, 7] . These discoveries provide opportunities for the development of basic biological tools for investigating G. lucidum, and the resulting developments have promoted the use of G. lucidum as a potential model system for studying the complicated mechanisms of secondary metabolic pathways in higher basidiomycetes. Therefore, research on the regulatory pathways of secondary metabolism in G. lucidum has become more important.
broad distribution in plants [28] , plays a key role in the regulation of plant growth and development, and is involved in disease resistance in plants in response to various pathogenic attacks [11, 31, 56] . In addition, SA has recently been the focus of intensive research efforts due to its function as a signaling molecule during the plant responses to abiotic stresses, such as heavy metal, salinity, drought and temperature stresses [26, 32, 69] , and a few studies have investigated its role in enhancing the production of secondary metabolites in plants. In Salvia miltiorrhiza cells, SA treatment exerts an obvious effect on the accumulation of phenolic compounds [13] , and in Ulmus minor, SA treatment induces the accumulation of sinapyl alcohol and enhances resistance to pathogens [40] . In addition, SA induces salvianolic acid B production in Salvia miltiorrhiza [21] and increases volatile oil biosynthesis in Atractylodes lancea plantlets [70] . However, the function of SA in microorganisms is still not well understood. In G. lucidum, it has been reported that SA treatment can enhance GA accumulation [5] , and this interesting phenomenon indicates that plant hormones can induce the biosynthesis of secondary metabolites in fungi. However, the mechanism through which SA regulates the secondary metabolism of G. lucidum remains unclear.
To investigate the signaling events induced by SA that result in GA accumulation, the ROS level under SA treatment was analyzed, and our results showed that GA accumulation was observed due to an SA-induced burst of ROS. Additional experiments found that the source of ROS overproduction induced by SA was not only dependent NADPH oxidase (NOX) but also included the mitochondria. To determine the effect of SA treatment on the mitochondria, the ROS levels and respiratory rate after co-treatment with various inhibitors of the mitochondria complex and SA were measured, and the data showed that mitochondria complex III is involved in SA treatment-induced ROS generation.
Materials and methods

Materials and growth conditions
G. lucidum strain ACCC53264 (obtained from the Agricultural Culture Collection of China) was used as the wild-type (WT) strain and grown at 28°C in potato dextrose agar medium for 7 days. Seed cultures were grown in potato dextrose broth (PDB) medium and placed on a rotary shaker incubator at 150 rpm and 28°C for 7 days. The fermentation experiments were performed at 28°C in CYM (1% w/v maltose, 2% w/v glucose, 0.2% yeast extract, 0.2% tryptone, 0.05% MgSO 4 ·7H 2 O, and 0.46% KH 2 PO 4 , with an initial pH of 5.5) for 7 days after inoculation with 4% (v/v) seed culture. NOX-silenced strains were also established as previously described [46] .
Extraction and quantification of SA
SAs were extracted from the fungal mycelia using a previously described method [53, 73] . The G. lucidum strain was grown as described above in CYM for 7 days with or without SA (Sigma, USA), and the mycelia were then frozen in liquid nitrogen for extraction of endogenous free salicylic acid. The levels of free SA were quantified by HPLC based on a previously described method [72] . All the data were corrected based on an internal salicylic acid standard, and the free SA was measured.
Detection and quantification of GA and intermediates
The total ganoderic acids (GA) and cellular squalene and lanosterol were extracted from fungal mycelia and measured according to a previously described method [62] . To detect GAs and its mesostates under SA treatment, the mycelia were treated with 100 μM SA dissolved in ethanol for 0.5 h according to a previously described method [5] . In the pretreatment experiments, 7-day-old G. lucidum strains were pretreated with ascorbic acid (VC, 2 mM), N-acetyl cysteine (NAC, 1 mM), diphenyleneiodonium chloride (DPI, 50 μM), rotenone (Rot, 5 μM), 4,4,4-trifluoro-1-(2-thienyl)− 1,3-butanedione (TTFA, 10 μM) or antimycin A (AA, 5 μM) for 2 h prior to treatment with 100 μM SA.
ROS detection assay
The production of ROS was assessed according to a previously described method [46] with slight modifications. For fluorescent detection of the ROS, the mycelia were stained with 2′, 7′-dichlorodihydrofluorescein diacetate (DCHF-DA) for 20 min, the fluorescence was detected using a Zeiss Axio Imager A1 fluorescence microscope, and the average fluorescence intensities of DCFH-DA in the mycelia were analyzed using ZEN lite software (Zeiss). The H 2 O 2 content of the hyphae liquid was measured by monitoring the A415 of the titanium-peroxide complex according to the method described by [3] .
Detection of mitochondrial ROS production
The mitochondrial ROS production was measured using samples that were double-stained with DCFH-DA and Mito-Tracker Red CMXRos, as described by [74] . The fluorescence was detected using a Zeiss Axio Imager A1 fluorescence microscope, and the average fluorescence intensities were analyzed using ZEN lite software (Zeiss).
Isolation of G. lucidum mitochondria and measurement of the respiratory rate
The mitochondria were isolated as previously described [15, 20] , with some modifications. All the steps were performed at 4°C. The mycelia were frozen and powdered under liquid nitrogen with a mortar and pestle and suspended in a three-fold volume of ice-cold extraction buffer containing 250 mM sucrose, 1 mM EDTA, 0.5% (w/v) polyvinylpyrrolidone-40, 10 mM β-mercaptoethanol, and 50 mM Tris-HCl (pH 7.2). The mixture was homogenized extensively for 30 min on ice, and the homogenate was then centrifuged for 15 min at 1200×g. The supernatants were decanted and centrifuged for 20 min at 17,000×g. The pellets were resuspended and washed twice with wash buffer (250 mM sucrose and 50 mM Tris-HCl, pH 7.2). The mitochondria were finally resuspended in a small volume of wash medium.
The oxygen consumption was measured as described previously [48, 8] , with some modifications. The oxygen consumed by isolated mitochondria was measured at 25°C with a Clark-type oxygen electrode (Hansatech Ltd., UK) in 1 mL of reaction medium (0.25 M sucrose, 10 mM KCl, 5 mM EDTA, 20 mM HEPES/Tris pH 7.2, and 0.15% (w/v) bovine serum albumin). The mitochondrial oxygen consumption was measured with 5 mM malate plus 10 mM glutamate (complex I substrate) or 10 mM succinate (complex II substrate). In the experiments requiring the addition of different concentrations of SA, 5 μM Rot, 10 μM TTFA or 5 μM AA was added to the pre-treated samples.
Assays of the activities of respiratory chain complexes I, II and III
The enzyme activity assays were performed using the Tissue Mitochondrial Complex I, II and III Assay Kit (Comin Biotechnology, China) according to the instructions provided in the kit's manual. After 5 min of incubation in assay buffer at 25°C, the Complex I activity was measured based on the decrease in the oxidation of NADH to NAD + , which was assessed by the absorbance at 340 nm. The Complex II activity was measured indirectly by monitoring the reduction of 2,6-dichloroindophenol based on the absorbance at 605 nm. Under catalysis by cytochrome reductase (complex III), the reduced ubiquinone (50 μM decylubiquinol) or coenzyme Q substrates were converted into ubiquinone or coenzyme Q, and ferricytochrome c (ferricyt c 3+ ) was reduced to ferrous cytochrome c (ferrocyt c
2+
). After 5 min of incubation at 25°C, the absorbance at 550 nm was obtained to assess the reduction of ferricytochrome c and thus obtain a measure of the activity of the enzyme.
Construction of RNAi plasmids and strains
The construction of a fungal RNA interference (RNAi)-silencing vector, pAN7-dual, was performed as previously described [45] . The glyceraldehyde-3-phosphate dehydrogenase (gpd) promoter and 35 S promoter were used to suppress the expression of the complex I assembly factor NDUFAF1 (CIA30) [43] , the Succinate Dehydrogenase Subunit b (sdhB of complex II) [68] and the ubiquinone binding protein of complex III [66] . The coding regions of the genes were amplified by PCR using G. lucidum cDNA as the template and the primers listed in Table S1 in the Supplemental Material. The RNAi-silencing vectors pAN7-dual-Com1i, pAN7-dual-Com2i and pAN7-dual-Com3i were transferred into G. lucidum by electroporation. Dozens of transformants were selected randomly, and qRT-PCR analyses were performed to determine the silencing efficiency of the transformations. Two independent silencing strains with the highest silencing efficiency were selected for further study.
Real-time PCR analysis of gene expression
The levels of gene-specific mRNA expressed by the WT and isolated RNAi-transformant strains were assessed by quantitative real-time PCR, in accordance to our previous study [46] . The gene expression levels were determined by calculating the difference between the threshold cycle (CT) value of the analyzed gene and the CT value of the 18 S rRNA housekeeping gene. Quantitative real-time reverse transcriptase PCR (qRT-PCR) calculations analyzing the relative gene expression levels were performed according to the 2 -△△CT method described by [37] .
The gene fragments were amplified by real-time PCR using the primers shown in Table S1 in the Supplemental Material.
Statistical analyses
All the experimental data shown in this manuscript were collected from three independent samples to ensure the reproducibility of the trends and relationships observed in the cultures. Each error bar indicates the standard deviation (SD) from the mean obtained from triplicate samples. The sample means were analyzed with Student's t-test. Differences in mean values between groups were analyzed by a one-way analysis of variance (ANOVA) followed by Duncan's multiple range test.
Results
ROS production induced by salicylic acid in Ganoderma lucidum
In our previous study, we found that SA can increase GA biosynthesis in G. lucidum [5] , and the investigation of ROS signaling was related to GA biosynthesis in G. lucidum [33, 46] . Thus, ROS production in G. lucidum after treatment with 100 μM SA was analyzed by staining with a fluorescent probe (2′,7′-dichlorofluorescin diacetate, DCFH-DA). The fluorescence analysis showed that 100 μM SA induced ROS generation, and the ROS levels obtained after treatment with 100 μM SA were approximately 3-fold higher than those of the control. The SAinduced ROS accumulation was abolished by pre-treatment with the ROS scavengers N-acetyl-L-cysteine (NAC) and ascorbic acid (VC). The ROS content in the H 2 O 2 -treated sample, which was used as a positive control, was rapidly increased by approximately 4.3-fold compared with the control sample (Figs. 1A and 1B).
The intracellular H 2 O 2 content was also quantitatively detected in the SA-treated samples, and the changes in the H 2 O 2 content and the fluorescent observations showed a similar trend. The H 2 O 2 content of the SA-treated sample was approximately 2.7-fold higher than that of the control, whereas exogenous NAC and VC pretreatment almost completely attenuated this effect. A sample treated with exogenous 10 mM H 2 O 2 , which was used as a positive control, showed approximately 3.2-fold increased levels of H 2 O 2 compared with the control (Fig. 1C ). The endogenous free SA level was also tested, and the free SA level in the SA-treated sample was increased by approximately 80-fold compared with that of the control sample (Fig. S1 ). Together, these results support the hypothesis that SA can increase the ROS levels in G. lucidum.
SA-regulated GA biosynthesis is dependent on ROS accumulation
To clarify the role of ROS in SA-induced GA biosynthesis, the effect of NAC and VC pretreatment on the GA content induced by treatment with 100 μM SA was assessed. A sample treated with exogenous 10 mM H 2 O 2 was used as the positive control, and the GA content in this sample was significantly increased by 36% after treatment with 100 μM SA. Pretreatment with NAC and VC reduced the SA-induced GA levels by approximately 28% and 31%, respectively, and the GA level obtained after treatment with 10 mM H 2 O 2 was increased by 45% compared with that of the control ( Fig. 2A) . In addition, to assess the change in GAs from different perspectives, two important intermediate products, squalene (SQ) and lanosterol (Lano), were also analyzed. The changes in SQ and Lano showed a consistent trend with the changes in the GA level. Specifically, the SQ and Lano levels were significantly increased by approximately 33% and 29% in the SA-treated sample, respectively, compared with those in the control. In addition, the SQ and Lano contents of the sample co-treated with NAC and SA showed significant decreases of approximately 23% and 20%, respectively, compared with those of the SA-treated sample, and the SQ and Lano levels in the sample co-treated with VC and SA were approximately 24% and 22% lower than those of the SA-treated sample, respectively. The SQ and Lano contents were approximately 43% and 20% higher in the H 2 O 2 -treated sample relative to the control (Figs. 2B and 2C). These above-mentioned results demonstrated that the ROS overproduction induced by SA can improve GA biosynthesis in G. lucidum.
3.3. NADPH oxidase silencing partially reduced the SA-induced increases in the ROS and GA contents NADPH oxidase (NOX) is part of an enzyme system that catalyzes the generation of ROS [64] and was thus used in this study to analyze the sources of ROS overproduction induced by SA. Specifically, we used NOX-silenced strains (NOXABi-6, NOXABi-10 and NOXRi-4, and NOXRi-7) constructed in our laboratory [46] , empty vector control strains (Si-control-1 and Si-control-2) and the wild-type strain treated with the NOX inhibitor DPI to examine the effect of 100 μM SA on the ROS content, and DCFH-DA fluorescent staining revealed that the NOXABi-6 and NOXABi-10 strains showed approximately 30% decreases in the ROS level compared with the wild-type and Si-control strains under SA treatment. The ROS levels of NOXRi-4 and NOXRi-7 were also approximately 35% lower than those of the wild-type and Sicontrol samples under SA treatment (Figs. 3A and 3B ). Under SA treatment, the DPI-treated wild-type strain exhibited 30% lower ROS accumulation compared with the WT sample, as demonstrated through DCFH-DA detection (Figs. 3A and 3B ). In addition, the H 2 O 2 content in the WT and NOX-silenced strains after SA treatment was also quantitatively detected, and the results indicated that the H 2 O 2 contents in the NOXABi and NOXRi strains were approximately 33% and 37% lower than those in the WT strain, respectively. Moreover, in the DPI-treated WT strain, the H 2 O 2 content was 41% lower than that in the WT strain after treatment with both DPI and SA (Fig. 3C) . The ROS and H 2 O 2 contents in the DPI-treated WT strain followed the same trends observed in the NOX-silenced strains under SA treatment. The NOX-silenced and the DPI-treated wild-type strains showed SA-induced ROS and H 2 O 2 levels that were significantly higher than those of the untreated wild-type sample. The results showed that inhibition of the function of NOX partly reduced the SA-induced increase in ROS. These findings suggested that NOX is involved in ROS production induced by SA in G. lucidum.
To examine the role of ROS generation by NOX in SA-induced GA biosynthesis, the GA contents of the wild-type and NOX-silenced strains after treatment with 100 μM SA were determined. As shown in Fig. 3D , under SA treatment, the GA level exhibited approximately 13% and 16% decreases in the NOXABi and NOXRi strains, respectively, compared with the WT sample. GA accumulation was stimulated by SA treatment, and approximately 19% of the observed inhibition of GA accumulation in the tested strains was recovered by DPI treatment. The contents of the intermediate metabolites SQ and Lano were also detected, and under SA treatment, the SQ contents of the NOXABi and NOXRi strains were approximately 11% and 13% lower than those observed in the WT sample. Similarly, the Lano levels showed decreases of 15% and 20% in the NOXABi and NOXRi strains, respectively, compared with the WT strain. Under SA treatment, the SQ and Lano levels in the DPI-treated WT strain were 20% and 24% lower than those in the WT strain, respectively. The SA-induced GA levels in the NOXsilenced and the DPI-treated wild-type strains were significantly higher than those of the untreated wild-type sample. Above all, these findings showed that the NOXi strains and DPI treatment can partly reduce the SA treatment-induced increase in the GA content. The results also verify that ROS produced by the NOX system participated in the SA-induced GA increase in G. lucidum and that the SA-mediated induction of ROS production might have other sources.
Subcellular localization of ROS accumulation induced by SA
The mitochondria has been reported to be one of the primary sources of cellular ROS [64] , and this finding provides a better understanding of the source of ROS overproduction induced by SA. Thus, the Fig. 3 . NOX inhibitor treatments and NOX silencing partially reduce the SA-induced increase in the ROS and GA contents. A. Change in ROS level detected by DCFH-DA staining in NOX inhibitor-treated WT strains and NOX-silenced strains under 100 μM SA treatment. B. Changes in the ROS fluorescence ratio in NOX inhibitortreated WT strains and NOX-silenced strains under 100 μM SA treatment. C. H 2 O 2 content in NOX inhibitor-treated WT strains and NOX-silenced strains under 100 μM SA treatment. D. Total GA levels in NOX inhibitor-treated WT strains and NOX-silenced strains under 100 μM SA treatment. E. SQ levels in NOX inhibitortreated WT cells and NOX-silenced strains under 100 μM SA treatment. F. Levels of Lano in NOX inhibitor-treated WT strains and NOX-silenced strains under 100 μM SA treatment. The values are the means ± SDs of three independent experiments, and different letters indicate significant differences between the lines (P < 0.05, according to Duncan's multiple range test). intracellular ROS localization was monitored by double-staining with the mitochondria-specific marker MitoTracker Red CMXRos and the ROS fluorescent probe DCFH-DA [18, 23] . As shown in Fig. 4A , under 100 μM SA treatment, the mycelium showed a strong increase in fluorescence overlap in the mitochondria and cytoplasm. An approximately 3-fold increase in mitochondrial ROS production was detected in the SA-treated sample compared with the control sample (Fig. 4B) . These results showed that exogenous SA induced mitochondrial ROS generation and identified the mitochondria as sources of SA-induced ROS production in G. lucidum.
Effects of mitochondrial inhibitors on the respiration ratio and ROS under SA treatment
ROS are products of electron transport in the mitochondrial respiratory chain, and in this study, mitochondrial inhibitors were used to assess whether the SA-induced production of ROS is associated with respiratory functions. The respiratory rates were analyzed by measuring oxygen consumption in isolated mitochondria. The Clark-type oxygen electrode was used to determine the relative respiratory rate of mitochondria under different treatments in the presence of complex I (malate/glutamate) or II (succinate) substrates, which feed electrons into the electron transport chain at the complex I level via NADH or directly to complex II, respectively. As shown in Figs. 5A and 5B, using both malate/glutamate and succinate as the substrates, the exogenous application of SA gradually decreased the respiratory rate in a concentration-dependent manner. In the presence of malate/glutamate, the respiratory rates after treatment with 100 µM, 200 µM and 400 µM SA were decreased by 40%, 55% and 80%, respectively, compared with the control (Fig. 5A) . In the presence of succinate, the respiratory rates obtained after treatment with 100 µM, 200 µM and 400 µM SA were 35%, 41% and 69% lower than that of the control, respectively (Fig. 5B) . The data suggest that SA treatment could decrease the mitochondrial respiration rate in G. lucidum.
The mitochondrial complexes with important roles involving electron transmission in the mitochondrial respiratory chain can generate oxygen radicals [1, 6] . To determine the mechanism responsible for the observed inhibition of the respiration rate under SA treatment in G. lucidum, the respiration rates of samples pretreated with rotenone (ROT, inhibitor of complex I), thenoyltrifluoroacetone (TTFA, inhibitor of complex II), or antimycin A (AA, inhibitor of complex III) and then treated or not treated with 100 μM SA were measured. The results showed that 5 μM Rot decreased the mitochondrial respiration rate in the presence of malate/glutamate, but this decrease was lower than that observed with 5 μM AA. The sample treated with 10 μM TTFA exhibited no significant difference relative to the control when malate/glutamate was provided as the substrate (Fig. 5C) . Furthermore, the sample cotreated with Rot and SA exhibited a lower respiration rate than the Rottreated sample. A significant decrease in the respiration rate was observed in the sample co-treated with TTFA and SA compared with the TTFA-treated sample. However, no significant difference in the respiration rate was obtained between the sample co-treated with AA and SA and the AA-or SA-treated samples (Fig. 5C ). Similar trends in the respiratory rate were obtained when succinate was provided as the substrate in the sample co-treated with AA and SA and the AA-or SAtreated samples (Fig. 5D) . The results showed that the superimposed inhibitory effects on the respiration rate observed in samples co-treated with SA and either Rot or TTFA were greater than those of the individual treatments. This finding was likely obtained because Rot/TTFA and SA have different intracellular sites of action in the mitochondria, yielding different results in terms of the respiration rate. However, the samples co-treated with AA and SA produced no obvious superimposed inhibitory effects on the respiration rate relative to those subjected to a single treatment, which indicates that AA and SA might act on the same site in the mitochondria. These data suggest that complex III might be involved in SA-induced ROS generation.
Changes in mitochondrial respiratory complex activity under SA treatment
To determine whether SA can influence the function of the mitochondrial complex, we examined the effect of different SA concentrations on complex I, II and III activities in isolated mitochondria. Treatment with different concentrations of SA showed no obvious change on the activities of complex I and II (Figs. 6A and 6B), whereas complex III activity decreased with increases in the SA concentration. Specifically, compared with the control, the activity of complex III in the samples treated with 100 µM, 200 µM and 400 µM SA was significantly decreased by 51%, 62%, and 75%, respectively (Fig. 6C) . These data suggested that SA treatment can inhibit the activity of complex III and influence the function of complex III in G. lucidum.
Analysis of the effects of SA on the respiration rate in WT and complexsilenced strains
To validate the role of complex III under SA treatment, we constructed complex I assembly factor NDUFAF1 (CIA30) [43] , the Succinate Dehydrogenase Subunit b (sdhB of complex II) [68] and the ubiquinone binding protein of complex III [66] gene-silenced strains by RNA interference using the RNAi expression cassette plasmids pAN7-dual-Com1i, pAN7-dual-Com2i, and pAN7-dual-Com3i (Fig. S3A) , respectively, which carry the hygromycin B resistance gene as a selectable marker. The pAN7-ura3-dual vector was used as a Si-control, and qRT-PCR analyses were performed to determine the silencing efficiency of Respiratory rate of isolated mitochondria in response to different concentrations of SA in the presence of 10 mM succinate as the respiratory substrate. C. Respiratory rate of isolated mitochondria in response to treatment with different mitochondrial inhibitors and 100 μM SA in the presence of 5 mM malate plus 10 mM glutamate as the respiratory substrates. D. Respiratory rate of isolated mitochondria in response to treatment with different mitochondrial inhibitors and 100 μM SA in the presence of 10 mM succinate as the respiratory substrate. The values are the means ± SDs of three independent experiments, and asterisks indicate significant differences compared with untreated strains (Student's t-test: **P < 0.01). Different letters indicate significant differences between the lines (P < 0.05, according to Duncan's multiple range test). the transformation. The Com1i-3, Com1i-10, Com2i-4, Com2i-7, Com3i-2, and Com3i-5 strains were selected for further analyses (Fig.  S3B) , and their enzyme activities were detected. The complex I activity of the Com1i-3 and Com1i-10 strains were significantly reduced by approximately 65% compared with that of the WT strain (Fig. S3C) , and the Com2i-4 and Com2i-7 strains showed a significant decrease of approximately 68% in complex II activity compared with the WT strain (Fig. S3D) . In addition, complex III activity was significantly reduced by approximately 60% in the Com3i-2 and Com3i-5 strains, respectively, compared with the WT strain (Fig. S3E) .
To detect the effect of SA on the mitochondrial complex, the respiratory rates of the Com1i-3, Com1i-10, Com2i-4, Com2i-7, Com3i-2, and Com3i-5 strains under 100 μM SA treatment were measured. In the presence of malate/glutamate, the respiration rates of the Com1i and Com3i strains were significantly decreased by approximately 38% and 44%, respectively, compared with the WT and Si-control strains, whereas the respiration rate showed no significant difference between the Com2i and WT strains when malate/glutamate was provided as the substrate (Fig. S3F) . In the presence of succinate, the respiration rates of the Com2i and Com3i were significantly decreased by approximately 31% and 39%, respectively, compared with the WT and Si-control strains, and no significant difference in the respiration rate was found between the Com1i and WT strains (Fig. S3G) . Obvious superimposed inhibitory effects on the respiration rate were observed in the Com1i and Com2i strains after SA treatment when malate/glutamate or succinate was provided as a substrate. Moreover, regardless of the substrate used, i.e., malate/glutamate or succinate, the respiration rate of the SA-treated Com3i strain was not significantly different from that of the untreated Com3i strains (Figs. S3F and S3G) . The results showed that the effects of SA on the respiration rate might involve complex III.
ROS levels in AA (mitochondrial complex III inhibitor)-treated WT strain and complex-silenced strains under SA treatment
To understand the relationship between SA-induced ROS generation and mitochondrial complex III function, the ROS localization after treatment with 5 μM AA and 100 μM SA was detected by doublestaining with MitoTracker Red CMXRos and DCFH-DA. Analysis of the obtained fluorescence images showed an obvious increase in the fluorescent overlap (by approximately 3.1-fold) in the AA-treated sample compared with the control. This trend was similar to that observed in the sample co-treated with AA and SA (Figs. 7A and 7B ). H 2 O 2 production was detected in the sample co-treated with AA and SA and in the AA-treated sample. The results showed that the H 2 O 2 content showed a significant 2.2-fold increase in the 5 μM AA-treated sample compared with the control, and no significant difference in the H 2 O 2 level was observed between the sample co-treated with AA and SA and the AA-or SA-treated samples (Fig. 7C) . However, the H 2 O 2 contents of the sample treated with 5 μM Rot and the 10 μM TTFA-treated sample exhibited 19% and 16% increases relative to the control, respectively. In addition, the sample co-treated with 5 μM Rot and SA showed approximately 83% and 16% higher H 2 O 2 levels compared with the samples treated with only 5 μM Rot and the sample treated with only SA, respectively (Fig. S2A) . The H 2 O 2 level was approximately 88% and 10% higher in the sample co-treated with 10 μM TTFA and SA compared with that in the only TTFA-and the sample treated with only SA, respectively (Fig. S2B) . The results showed that co-treatment with SA and either Rot or TTFA exhibited a superimposed effect on H 2 O 2 production relative to that observed with the individual treatments. However, the co-treatment with AA and SA showed no obviously superimposed effect on the H 2 O 2 content relative to the single treatments. Combined with the prior results (Figs. 5-7 and S2), these findings indicate that mitochondrial complex III plays an essential role in the signaling pathways involved in SA-induced ROS generation.
To further clarify the sites of ROS production in mitochondrial respiratory chain complexes, the mitochondrial ROS in the Com1i, Com2i and Com3i strains were detected, and consistent results were found for the two Com1i, Com2i and Com3i silenced strains, respectively. Furthermore, the results obtained for the Si-control-1 and Si-control-2 strains were consistent with those found for the WT strain. Thus, only the results for the WT, Si-control-1, and Com1i-3, Com2i-4 and Com3i-2 strains are included in the Fig. 8 . The mitochondrial ROS levels in the Com1i-3 strain were 2.5-fold higher than those in the WT and Si-control strains (Fig. 8) , and the mitochondrial ROS levels were significantly increased by 1.9-fold in the Com2i-4 strain compared with the WT and Si-control strains (Fig. 8) . Moreover, the mitochondrial ROS contents of the Com3i-2 strain were significantly increased by approximately 3.1-fold compared with those in the WT and Si-control strains (Fig. 8) . The mitochondrial ROS levels in the Com1i-3 and Com2i-4 strains were increased by 56% and 78% after treatment with 100 μM SA, but the SA treatment did not yield a significant difference in the mitochondrial ROS levels in the Com3i-2 strain (Fig. 8) . The results showed that SA treatment exerted a superimposed effect on the level of mitochondrial ROS in the Com1i-3 and Com2i-4 strains but did not have an obvious superimposed effect on the mitochondrial ROS content in the Com3i-2 strains. These results support the idea that SA inhibits mitochondrial complex III activity to increase ROS generation.
GA content in WT strains treated with mitochondrial inhibitors and complex-silenced strains under SA treatment
To understand the effect of SA-induced increases in mitochondrial ROS on GA accumulation, the contents of GAs and two key intermediate metabolites in the presence of mitochondrial inhibitors and after treatment with 100 μM SA were measured. The individual treatments with 5 μM Rot or 10 μM TTFA exerted approximately 10% increases in the GA content compared with that of the control. However, a significant 41% increase in the GA content was observed in the 5 μM AAtreated sample compared with the control (Figs. 9A, 9D, and 9G ). In addition, the GA content of the sample co-treated with Rot and SA was significantly increased by 37% and 13% compared with those observed with the individual treatments with Rot and SA, and the GA content of the sample co-treated with TTFA and SA was 40% and 9% higher than those obtained with the respective individual treatments. However, cotreatment with AA and SA did not significantly affect the GA content compared with that the individual treatments (Figs. 9A, 9D and 9G ). The levels of the two key intermediate metabolites SQ and Lano showed the same trend as that obtained for the GA content (Figs. 9B, 9C , 9E, 9F, 9H and 9I). A comprehensive analysis of the accumulation of GAs and intermediate metabolites indicated that the SA-induced inhibition of complex III affected the biosynthesis of GAs (Figs. 9A-9I) .
Assessment of the contents of GAs in the Com1i, Com2i and Com3i strains under 100 μM SA treatment revealed that the GA contents in the Com1i and Com2i strains were approximately 15% higher than that in the WT and Si-control strains (Figs. 10A and 10D) . However, the GA content in the Com3i strain was significantly increased by 32% compared with that in the WT and Si-control strains (Fig. 10G) . Moreover, treatment of the Com1i and Com2i strains with SA increased the GA content by approximately 30% (Figs. 10A, and 10D ), but SA treatment did not significantly affect the GA content in the Com3i strain (Fig. 10G ). An analysis of the levels of the two key intermediate metabolites SQ and Lano revealed the same trend as that obtained for the GA content (Figs. 10B, 10C , 10E, 10F, 10H and 10I). Similar results were observed in pharmacology experiments (Fig. 9) , which showed that mitochondrial complex III caused ROS accumulation and that ROS accumulation played an essential role in SA-mediated GA biosynthesis in G. lucidum. The above-described results demonstrated that SA affects complex III activity to increase the ROS levels and that ROS are involved in the regulation of GA biosynthesis in G. lucidum.
Discussion
The phenolic compound salicylic acid (SA) is an important effector molecule in plants [28] and is considered a signal substance produced by plants in response to microbial invasion. The functions of SA in plants have been extensively researched, but to the best of our knowledge, the effects of SA on microorganisms have not been reported. Our studies first demonstrate the biological effects on microorganism exerted by SA and provides an effective approach to investigate SA. Previous studies found that SA participates in many important physiological processes in addition to disease resistance, such as improving the synthesis of secondary metabolites and responding to a series of environmental stress factors [13, 42] . However, the signal transduction mechanism induced by SA that is involved in regulating secondary metabolism is poorly understood. Different lines of evidence obtained from further research and development indicate that SA interplays with ROS in plants. In Arabidopsis, SA induces stomatal closure by increasing the endogenous concentration of ROS [27] and reduces the inhibitory effects of high salinity on germination by modulating ROS accumulation [32] . In addition, SA enhances artemisinin production by invoking a burst of endogenous ROS in Artemisia annua [22] . In the present study, SA significantly increased the levels of ROS in G. lucidum, and the observed excess production of ROS resulted in GA accumulation. The ROS measurement was performed with the fluorescent probe DCFH-DA. Although several limitations have been demonstrated on the DCF assays of intracellular ROS [58] , the method is still widely accepted on SA treatment as the weak activity of SA to scavenge hydroxyl radical [19, 27, 76] . This SA-induced ROS accumulation was abolished by pretreatment with the ROS scavengers NAC and VC, which inhibited approximately 90% of the GA accumulation induced by SA but did not completely abolish it. This result was likely obtained because the promoter of HMGR (hydroxy-3-methylglutaryl-coenzyme A reductase), a key gene in the GA biosynthesis pathway, contains SA cis-acting elements. Additionally, exogenous SA could enhance the expression of the HMGR gene in G. lucidum [55] . Above all, these findings suggest that SA induces the generation of ROS, which are involved in regulating physiological processes in plants and microorganisms.
Secondary metabolism biosynthesis is a complex process which is regulated by many signals and physiological processes [57] . In this study, exogenous H 2 O 2 can largely increase the level of both intracellular H 2 O 2 and GA content while exogenous inhibitors of complex I or II had little effects on H 2 O 2 and GA content. Silencing of complex I or II leads to dramatical increase of H 2 O 2 concentration and little effects on GA production. These data suggested that ROS overproduction induced by SA can improve the biosynthesis of GA. However, the phenotype above has a slight difference. The phenomenon may be related to the silencing of mitochondrial complex which mainly affect the production of ROS, but the different influence on GA content might be because of the functional role in secondary metabolism biosynthesis of the silenced gene. In addition, the inhibitor of mitochondrial complex might have extra effects on the secondary metabolism biosynthesis besides of the active inhibition on mitochondrial complex. As a positive control, exogenous 10 mM H 2 O 2 treatment may play profound effects on GA content as a stimulus directly. Our results demonstrate that the Fig. 9 . Effects of mitochondrial inhibitors on the GA content under SA treatment. A-C. Levels of total GAs, SQ and Lano in the 5 μM Rot-treated sample with or without SA. D-F. Levels of total GAs, SQ and Lano in the 10 μM TTFA-treated sample with or without SA. G-I. Levels of total GAs, SQ and Lano in the 5 μM AA-treated sample with or without SA. The values are the means ± SDs of three independent experiments, and different letters indicate significant differences between the lines (P < 0.05, according to Duncan's multiple range test). inhibition of complex activity will increase the ROS levels which are involved in GA biosynthesis regulation. Maybe, there are also some other regulated pathways unknown involved in this process.
Specifically, ROS act as mediators of intracellular signaling to regulate numerous physiological and biological responses [60, 61] , and these species are generated in numerous cellular compartments and by multiple enzymes within a cell [16] . A key player in this network of ROS production acts through the mitochondrial respiratory and cytosolic NADPH oxidases [67] . Mitochondrial respiration results in the generation of ROS through electron reduction of O 2 in the mitochondrial electron transport chain [51] . Mitochondrial complexes I and III are generally regarded as the primary sources of ROS production [2, 29, 44, 47] , but mitochondrial complex II has also been reported to serve as a source of ROS [19, 24, 52] . The generated mitochondrial ROS can trigger muscle differentiation [39] , influence plant growth and regulate plant stress-responsive genes [19] . The NAPDH oxidases (NOX) also play a prominent role in ROS generation·H 2 O 2 accumulation is associated with the activation of NOX which is considered as the mainly superoxide generator [41] , it might be the result of catalyzation from superoxide to H 2 O 2 under the action of superoxide dismutase [25, 4] . In fact, NOX-dependent ROS production is required for cell wall damage-induced lignin production in Arabidopsis thaliana [12] , and the ROS produced by NOXs function as signal molecules to regulate Na + / K + homeostasis and thus improve the salt tolerance of Arabidopsis [38] .
In our study, both NOX-silenced strains and DPI-treated samples showed partial reductions in their ROS content and GA accumulation after SA treatment. This finding suggests the existence of additional ROS sources (not just NOX) under SA treatment, and these results are consistent with our previous studies [46, 62] . Further study showed the involvement of mitochondrial ROS in the regulation of SA-induced GA Fig. 10 . GA content in complex-silenced strains under SA treatment. A-C. Levels of total GAs, SQ and Lano in the complex I-silenced strains treated or not treated with SA. D-F. Levels of total GAs, SQ and Lano in the complex II-silenced strains treated or not treated with SA. G-I. Levels of total GAs, SQ and Lano in the complex III-silenced strains treated or not treated with SA. The values are the means ± SDs of three independent experiments, and different letters indicate significant differences between the lines (P < 0.05, according to Duncan's multiple range test).
biosynthesis. In Nicotiana tabacum, mitochondrial ROS bursts determine the cell fate during responses to pathogens [10] , and the mitochondrial ROS regulate plant stress and defense responses in Arabidopsis [19] . In conclusion, the mitochondrial ROS might be broadly employed and could contribute to the physiological metabolism process. The mitochondria play an important role in the signaling molecules generated by plant cells during cellular metabolism and amplify diverse signals, such those elicited by salicylic acid, nitric oxide, ROS and pathogens [17, 30] . The signals perceived by mitochondria usually impact their normal function, generating changes in respiration, membrane potential and ROS production [9] . A previous study have indicated that SA affects the mitochondrial electron transport chain and mitochondrial respiration, which play important roles in the basal defense against tobacco mosaic virus in tomato [34] . Another investigation found that SA is both an un-coupler and an inhibitor of mitochondrial electron transport that affects mitochondrial protein expression in Nicotiana tabacum [49] . The results presented here show that SA decreased complex III activity to influence the respiration rate and thereby regulate the ROS level in G. lucidum. In Arabidopsis thaliana, complex III is involved in H 2 O 2 generation under SA treatment [48] . We can thus surmise that the functionary mechanisms of SA in microorganisms and plants are similar.
In conclusion, our data show that SA increases the ROS content and that both NOX and mitochondria participate in ROS generation. Further experiments found that the decrease in the mitochondrial respiratory rate induced by SA helps regulate ROS accumulation. In addition, mitochondrial complex III activity is inhibited by SA, and this effect plays an important role in decreasing the respiratory rate. In summary, in G. lucidum, SA inhibits complex III activity to increase the ROS levels, which are involved in regulating GA biosynthesis. Based on the findings, a potential cascade of the cellular events constituting the SAmediated signaling pathway was proposed (Fig. 11) . Our study contributes to a better understanding of the mitochondria-dependent mechanism of the SA-induced biological response in G. lucidum and might provide new insights into the cellular signaling cascade that regulates SA-mediated secondary metabolite biosynthesis. Fig. 11 . Schematic representation of the potential cascade of cellular events constituting the SA-mediated ROS signaling pathway. SA treatment increases the production of ROS through different pathways in G. lucidum. On one hand, SA induces an ROS burst through the NOX complex (NOXAB and NOXR). On the other hand, SA inhibits mitochondria complex III activity to increase the ROS level. The ROS increased plays an essential role in the SA-mediated biosynthesis of GA in G. lucidum. The black solid arrows in the hypothetical model indicate data supported by experiments performed in the present study.
